Study Objectives: This study will (1) estimate the nightly sleep need of human adolescents, (2) determine the time course and severity of sleep-related deficits when sleep is reduced below this optimal quantity, and (3) determine whether sleep restriction perturbs the circadian system as well as the sleep homeostat.
Introduction
Quantifying the sleep need of adolescents has widespread importance but little agreement [1, 2] . Objectively determined sleep need estimates are called for to provide an evidence base for public health recommendations regarding adolescent sleep and public policy regarding school start times. One point of agreement in the debate over sleep need and sleep recommendations is the need for dose-response studies to provide an evidence base for sleep recommendations [3] [4] [5] [6] [7] [8] . Specifically, dose-response studies that include different durations of sleep are needed to examine the effects of chronic sleep restriction on waking neurobehavioral functioning [9] . Data from such studies are amenable to statistical modeling to determine the average duration of sleep at which daytime deficits cease to accumulate, thereby providing an estimate of optimal sleep need. Only one longitudinal laboratory study performed in the 1970s has suggested that 9.25 hours' sleep is needed by adolescents [10] . This study estimated sleep need by allowing adolescents 10 hours' sleep opportunity each night for three nights to determine how much sleep they would obtain when provided adequate opportunity. This is the only study of its kind to date; however, this study only had one outcome measure (objective daytime sleepiness), ran for three nights, and did not manipulate sleep duration in a dose-response fashion. This approach is also criticized for the underlying assumption that sleep obtained during long sleep opportunities reflects actual sleep need. The primary goal of the current study is to identify optimal adolescent sleep duration by applying dose-response modelling methodology.
While dose-response studies have been conducted with adults [11, 12] , results cannot be generalized to adolescents due to critical maturational changes in sleep regulatory systems that occur during adolescence [13, 14] . Specifically, puberty-related delays to circadian timing and slower accumulation of homeostatic sleep pressure in the evening occur during the second decade. In addition, adolescence is a period where the effects of sleep restriction and deprivation may be experienced more acutely than in adulthood due to a still-developing prefrontal cortex and greater sleep need [10, 15] . Recent studies show patterns of cumulative deficits to sustained attention and subjective sleepiness with severely restricted sleep [16] [17] [18] ; however, the consequences for sustained attention and sleepiness when sleep restriction is more modest are unknown. Thus, the secondary aim of this study is to demonstrate the time course and severity of deficits occurring to cognition and subjective sleepiness across three doses of sleep: severe sleep restriction (5-hour sleep opportunity per night), modest sleep restriction (7.5-hour sleep opportunity per night), and a control condition with 10-hour sleep opportunity per night. This study also includes controls needed to assess causality by using an experimental design controlling for confounding factors, such as light exposure, caffeine, napping, and substances known to affect alertness and using objective measures of sleep (polysomnography) and cognition (lapses of attention on a psychomotor vigilance task [PVT] ), as well as subjective reports of sleepiness.
This study will also extend previous findings by examining whether sleep restriction by delaying bedtime results in dosedependent delays to circadian phase timing. Sleep restriction is traditionally conceived as perturbing the sleep homeostatic system by lengthening time awake and truncating sleep. As such, the effect of sleep restriction on the circadian timing system is relatively overlooked. It is unclear whether this is due, in the case of laboratory studies of sleep restriction, to the assumption that low-light environments ameliorate the likelihood that extended wakefulness would produce circadian phase shifts. Alternatively, some studies restrict sleep by shifting bedtime later and rise time earlier to minimize circadian effects [16, 19] . However, laboratory studies of adults have shown sleep restriction to result in circadian phase delays in low-light conditions even when sleep restriction is achieved in this manner [20, 21] . Thus, another aim of this study is to determine whether sleep restriction achieved by delaying bedtime perturbs the circadian timing system in addition to the sleep homeostatic system. This objective will be achieved by comparing dim-light melatonin onset (DLMO) at baseline and at the end of each sleep condition.
Finally, the pattern of time-of-day effects will be compared across days for each sleep condition. Sustained attention deficits and sleepiness peak around the circadian nadir, which typically occurs 1.5 to 3 hours before waking [22] . If, as expected, the circadian timing system delays with restricted sleep, the circadian nadir may be pushed closer to -or even into -the wake period. Thus, sustained attention performance and subjective sleepiness during the sleep-restriction period are expected to be worse during the first test bout of the day compared to later test bouts. While time-of-day effects are infrequently examined in studies of sleep restriction, these effects have applied relevance to identify times of heightened risk following sleep loss.
We aim to estimate the dose-dependent effect of sleep loss on sustained attention performance and subjective sleepiness and predict more lapses of attention and greater sleepiness occurring with shorter time in bed (TIB). We further aim to estimate the dose-dependent effect of sleep restriction on circadian phase timing and predict that shorter sleep periods and later bedtimes will result in larger phase delays. In addition, we aim to estimate time-of-day effects in sustained attention performance and sleepiness and predict more lapses of attention and greater sleepiness in the 08:30 am test bout compared to subsequent test bouts in the moderate and severe sleep-restriction conditions.
Methods

Participants
Participants were 34 post-pubertal adolescents (20 males) aged 15 to 17 years (X = 15.91 years, SD = 0.86). Adolescent participants were recruited via the media and school newsletters in secondary schools in South Australia and were aged 15 to 17 years, late or post pubertal (Tanner Stage 4 or 5 [23] ), medication-free, with the exception of the birth control pill, body mass index between 18.5 and 29.9, not extreme morning or evening chronotypes [24] , were physically and psychologically healthy, with no family history of bipolar disorder or epilepsy (assessed by self-and parent-report), scores on the Centre for Epidemiological Studies Depression (CES-D) scale of ≤16, and scores on the anxiety subscale of the Depression, Anxiety and Stress Scale (DASS-21) of ≤7 [25, 26] . Adolescents were good sleepers, with average sleep durations ≥8 hours per night [27] , average sleep onset latencies of ≤30 minutes per night [28] , and weeknight/weekend bedtime discrepancy less than 2 hours [29] , as determined by sleep diaries. Table 1 provides demographic characteristics for participants in each sleep-dose condition. There were no significant differences between groups on any demographic variables.
Procedure
Parents of potential participants completed an initial telephone screen using a modified Sleep, Medical, Educational, and Family History Survey [30] . Suitable participants were sent a questionnaire package and a 7-day sleep diary and attended a 1-hour interview. After eligibility was confirmed, parental and adolescent written consent were obtained, and adolescents were allocated in blocks (groups of four) to one of the three sleep-dose conditions. Thus, adolescents in each study were in the same condition and they were all blinded to condition until the completion of the study. Adolescents were required to maintain a regular sleep pattern for five nights before the study, with bedtime occurring between 09:30 pm and 10:00 pm each night and wake time occurring between 07:00 am and 07:30 am, to ensure entrainment to the baseline sleep schedule and elimination of prior sleep debt. Schedule compliance was monitored by adolescents sending text messages morning and evening and completing sleep dairies.
Adolescents spent nine consecutive nights at the sleep laboratory at the Centre for Sleep Research, University of South Australia, which is sound-attenuated, temperature controlled to 21 ± 1ºC, and lighting controlled to <50 lux during wake periods, except for during saliva sampling, when lighting was controlled to <30 lux. The study protocol is shown in Figure 1 . Ten-hour sleep opportunities were provided on the first two nights (one adaptation night and one baseline night), followed by five experimental nights with either 5-, 7.5-, or 10-hour TIB per night, then two recovery nights with 10-hour TIB per night. Worldwide average sleep durations among adolescents range from 4.86 hours per night in Korea [31] to 9.2 hours in Switzerland [32] , while contemporary sleep recommendations propose 8-to 10-hour sleep per night [33, 34] . Thus, the sleep "doses" in this study span the normative range and include the upper limit of recommended sleep. Sleep restriction was achieved by shifting bedtimes later, reflecting normative adolescent sleep restriction on nights when they are required to rise for school the following day. Wake times were maintained at 07:30 am each day, which reflects normative local wake times, where the school day typically starts at 08:30 am. The fixed wake time also ensured that performance tests were done at the same clock time and with the same length of prior wake across all conditions. Adolescents completed a test battery every 3 hours during wake periods, starting at 08:30 am, including a 10-minute PVT and the Karolinska Sleepiness Scale (KSS) [35, 36] . Participants received an honorarium of AUD$450 for their participation in the study. Compliance with research ethics standards was confirmed by the University of South Australia Human Research Ethics Committee.
Outcome measures
Psychomotor Vigilance Task
The PVT is a sustained attention reaction time task that was performed on the PVT-192 (Ambulatory Monitoring, Ardsley, NY). The PVT-192 is a hand-held device with a 2.5 cm × 1 cm LED display. Participants fixate on the display and are required to press a button when the stimulus appears. Interstimulus intervals ranged from 2 to 10 seconds. Each test bout lasted 10 minutes, from which PVT lapses (reaction times > 500 ms) were obtained. Sustained attention was chosen as the primary outcome measure, as it is sensitive to sleep loss, amenable to multiple tests, and subserves a variety of higher order cognitive functions [35] . This measure has been used successfully in children and adolescents [16, 37, 38] and has excellent reliability and validity [35] .
Karolinska Sleepiness Scale
The KSS [36] is a one-item scale consisting of a series of statements ranging from 1 "Very alert" to 9 "Very sleepy-fighting sleep." Participants were asked to select the statement most closely reflecting their current level of sleepiness [39] .
Dim-light melatonin onset phase
Salivettes were used to sample saliva in the evenings immediately before the first and fifth sleep-restriction nights, as shown in Figure 1 . Saliva samples were obtained in dim light (<30 lux) every 30 minutes, starting at 05:00 pm and frozen at −20°C immediately following collection. Salivary melatonin was assayed using a sensitive direct radioimmunoassay with reagents from Buhlmann Laboratories AG (4.3 parts per million, pM, Allschwill, Switzerland) [40] . The intra-assay co-efficient of variation was less than 10%, with interassay co-efficient of variation of 7.3% at 14.1 pM and 13.4% at 142 pM. DLMO was calculated by linear interpolation across time points when melatonin concentration increased to 4 pg/ml or above. Phase shift across the sleep-restriction period was estimated as the difference between DLMO on the first and fifth sleep-restriction nights; negative values represent phase delays across days.
Sleep
EEG electrodes were applied nightly at sites Fp1, FpZ, Fp2, F3, F4, C3, C4, and O1, according to the 10-20 system of electrode placement, and referenced to the contralateral mastoid, together with left and right electrooculogram and left and right chin electromyogram, with ground on the right shoulder. Polysomnographic records were scored in 30-second epochs according to standard criteria [41] by two experienced sleep scientists (inter-rater reliability: kappa = 0.83) to measure nightly sleep duration. Participant records were stratified so that each scorer completed an equal number of participants per sleepdose condition and an equal proportion of males and females per sleep dose condition.
Statistical analyses
We used a hierarchical Bayesian parameter estimation approach for all analyses. Bayesian analyses start with a description of our existing knowledge of the model parameters (i.e. prior distributions; in all cases here, unless otherwise specified, we use vague, noncommittal priors that reflect ignorance regarding plausible parameter values and, therefore, allow the results to reflect the data with minimal influence of the priors) and combine this with the knowledge gained from the observed data. Unlike typical frequentist analyses, the result of the analyses is not a point estimate, like a mean, but a joint probability distribution that describes the plausible values for each parameter (i.e. posterior distributions) and the relative credibility of each of these. Importantly, the posterior distributions for model parameters can be used to calculate distributions of model predictions (i.e. posterior predictive distributions) that also reflect the relative credibility of outcomes (e.g. regression lines or descriptive statistics in each cell of a factorial design). The strengths of this approach are detailed in the Discussion, however, two major aspects of the analytic approach are important: our focus on estimating parameter values, rather than testing binary hypotheses and using a Bayesian rather than classical or frequentist approach. Our focus on estimation is similar to the New Statistics movement [42] that advocates more informative description of the size of effects with appropriate indices of uncertainty. The mathematical formulations, including prior distributions, for all models are included in the Supplementary Material. To examine the effects of TIB on sleep duration, DLMO, PVT lapses, and subjective sleepiness, we used a model analogous to that underlying traditional analysis of variance (ANOVA).
Specifically, we modeled performance in every cell of the design as the combined effect of all main and interaction effects. Importantly, we allowed overall performance and, where appropriate, the size of main effects to vary by the participant. This type of model provides two benefits: First, we can explicitly model the extent to which performance and the size of effects varies between participants (e.g. we can model the extent to which participants vary in the amount of sleep they need to maintain baseline cognitive functioning), and second, by separating interindividual variability from noise, we get a superior estimate (than would be achieved by analyses of aggregatese.g. ANOVA) of average performance and the average size of effects. To address the remaining research question, estimating sleep need, we fit a hierarchical, nonlinear regression model to predict sustained attention performance from amount of sleep and estimated (individually for each participant) sleep need.
For all models, we used Markov Chain Monte Carlo techniques programmed in R [43] , JAGS [44] , and runjags [45] to generate representative credible values from the joint posterior distribution on the model parameters. The four chains were burned in and checked for convergence graphically and using the Gelman-Rubin statistic [46] , and run long enough to ensure a minimum effective sample size of 10,000 [47] .
Results are displayed in violin plots (Figures 2-8 ) which show the distribution of posterior predictive values-the wider the violin plot, the more credible that value is. All figures depicting the results were created using the R packages ggplot2 [48] and cowplot [49] . Furthermore, the rectangle within each violin plot shows the 95% highest density interval (HDI; presented in text inside []s) and the bar in the middle of the rectangle displays the median of the posterior distribution (i.e. the best point-estimate summary of the posterior distribution). The 95% HDI is the range of values that (1) span 95% of the distribution of credible values and (2) are most credible (i.e. there are no values outside the HDI that are more credible than a value inside the HDI). In other words, we can be 95% sure that the true value lies within the 95% HDI. Thus, if the 95% HDI does not include 0, we can exclude 0 as a credible value with 95% confidence. Because comparing to exactly 0 is rarely useful, we used a region of practical equivalence (ROPE) approach as our basis for inference. Specifically, for each analysis, we defined a ROPE wherein the difference on the dependent variable is so small that it is negligible (i.e. so small that we would consider groups or individuals with scores in the region to be effectively equivalent). The figures display a ROPE of ±0.25 hours for sleep duration, ± 0.5 for PVT lapses, and ± 1.0 for KSS subjective sleepiness. For relevant figures, the upper and lower bounds of the ROPE are represented by dashed gray lines. As differences of 30 minutes of sleep per night have led to changes to neurobehavioral performance, the ROPE for sleep duration was set just below this, at ±0.25 hours [50] . As there are no established clinical standards for KSS and PVT lapses, we set the ROPE for these measures by considering the response scales. For KSS, we used a ROPE of ±1 as this is the smallest difference in subjective sleepiness that a participant can indicate on the scale, therefore, a difference smaller than this can be considered negligible. While the PVT lapse count is a discrete measure, it does reflect the tendency to lose vigilance over a given period. Consequently, it is meaningful to consider fractions of a lapse. Given the median PVT lapses was 1, this seemed too high a cutoff for a negligible difference. Consequently, we set the ROPE for PVT lapses to 0.5.
Results
To examine participants' sleep during the three sleep-dose phases, we created a hierarchical Bayesian ANOVA-like model. Specifically, we modeled sleep duration as a function of Sleep Dose, Day, and their two-way interaction. Additionally, we allowed average sleep duration to vary by participant, thus also estimating sleep duration for each individual and the interindividual variability in sleep duration.
The most credible values for baseline sleep duration are shown in Figure 2 , together with change in sleep duration, relative to baseline, across each sleep dose condition, and pairwise differences between conditions at baseline and in change from baseline. As their HDIs were entirely outside the ROPE, we can conclude with 95% confidence that sleep duration was reduced from baseline levels during the sleep-restriction nights for the 5-hour and 7.5-hour conditions. There was no evidence that sleep duration meaningfully changed from baseline in the 10-hour condition but as part of the HDI was outside the ROPE we cannot conclude that there was no effect with 95% confidence. The most credible 14] for the 5-, 7.5-, 10-hour TIB conditions, respectively. On the first recovery night, sleep duration for the 7.5-hour condition was the same as baseline. Although the bulk of the credible values for the 5-and 10-hour conditions lie within the ROPE, we cannot exclude (with 95% confidence) the possibility that the 5-hour group had greater mean sleep duration on the first recovery than baseline nor the 10-hour group had less. On the second recovery night, none of the three conditions differed from baseline but cannot conclude equivalence at 95% confidence. The probability that the second recovery night total sleep time (TST) was equivalent to baseline is given by the proportion of the posterior distribution within the ROPE. These were 70%, 59%, and 70% for the 5-, 7.5-, and 10-hour conditions, respectively.
Pairwise comparisons provide clear evidence that the three conditions differed from each other over the restriction nights (as the HDIs, indeed the entire posterior distributions, lie entirely outside the ROPE). We can be 99% (5-hour condition) and 92% (7.5-hour condition) confident that the participants in the sleeprestriction conditions slept more on the first recovery night than those in the control condition. By the second recovery night, the 7.5-and 10-hour conditions were similar (83% of the HDI inside the ROPE), but the 5-and 10-hour conditions still appeared to differ (76% of the HDI above the ROPE and 24% inside).
We used the same model to estimate (1) sleep duration for each individual at baseline and (2) the mean sleep duration (across all nights) for adolescents in the 10-hr condition. These analyses provide an estimate of how much sleep adolescents obtain when given a long sleep opportunity and allow comparison to the earlier estimate by Carskadon et al. [10] . Figure 3 shows the posterior predictive distribution (and HDI) of sleep duration at baseline for each participant and the posterior predictive distributions of predicted mean sleep duration (i.e. averaged across days) for each participant in the 10-hour condition. Median predicted baseline TST per participant ranged from 8.46 to 9.49 hours (M = 9.06 hours, SD = 0.21 hours), while median estimated average TST (for the 10-hour condition) ranged from 8.28 to 9.32 hours (M = 8.88 hours, SD = 0.31 hours).
To examine circadian timing, we fit a hierarchical model predicting circadian timing by day, condition, and their interaction. This analysis was conducted only on the sample of participants (n = 20) for whom complete DLMO data were available. Importantly, unlike traditional analyses that are unreliable and potentially misleading for small samples, Bayesian approaches are valid for any sample size [51] . The size of the sample is Although there was no evidence that phase was affected in the 10-hour group, the sample size (and consequently wide HDIs) does not allow strong conclusions regarding the lack of phase change. Furthermore, we can be 95% (or more) confident that the amount of shift differs between conditions for each of the three pairwise comparisons, with later bedtimes and shorter sleep opportunities leading to larger phase delays.
As only the 5-and 10-hour condition included participants with missing DLMO data, we compared participants with DLMO data with those who did not in terms of TST, sleepiness, and PVT lapses. Analyses indicated that we can be more than 95% confident that the difference is negligible in both groups for TST and sleepiness and for PVT lapses in the 10-hour condition. In the 5-hour condition, the participants missing DLMO had fewer lapses on the final day of sleep restriction compared to those with complete DLMO data but not on any other days.
We examined the impact of sleep dose on attention (PVT lapses) and sleepiness (KSS ratings) in separate models. We modeled the outcome mean in each cell of a full factorial cross of Condition, Day, and Time of Day, allowing this to vary by all possible main effects and two-and three-way interactions. Furthermore, the main effects of Day and Time of Day, as well as both two-way interactions involving Condition, could vary by participant, thus, reflecting individual variability in overall performance, change over days and times of day, and individual variation in response to the sleep restriction. As KSS scores were normally distributed and did not approach the bounds of the scale, we modeled KSS scores as sampled from a normal distribution with mean determined by the linear combination of the predictors. As PVT lapses were positively skewed, we modeled these as being drawn from a Poisson distribution, with natural logarithm of the expected value as the linear combination of the predictors.
Results of Bayesian analyses examining the effect of sleep dose condition and day on sustained attention and subjective sleepiness are shown in Figures 5 and 6 , respectively. Pairwise differences in lapses in sustained attention between conditions visible in Figure 5 indicate that we can conclude with more than 95% confidence that dose-dependent differences occurred in lapses of attention (relative to baseline) between the 5-hour condition and each of the other sleep conditions. Specifically, the 5-hour condition showed meaningfully greater deficits in sustained attention (relative to baseline) than the 10-hour condition from the third day of sleep restriction until the first recovery day (and non-zero, but not outside the ROPE, difference on day 2). A similar pattern of results was observed between the 5-and 7.5-hour conditions, with the 5-hour condition showing greater deficits for the fourth and fifth sleep-restriction days (and a nonzero, but not exceeding the ROPE, difference on day 3). Finally, we can exclude (with 95% confidence) 0 as a plausible value for the difference between 7.5-and 10-hour conditions on only the fifth sleep-restriction day. As displayed in Figure 6 , pairwise differences in subjective sleepiness indicate that adolescents restricted to 5-hour TIB reported more sleepiness (i.e. non-zero) than either the 7.5-or 10-hour groups during all sleep-restriction days, but this difference exceeded the ROPE only for the 5-and 10-hour conditions on the third through fifth sleep-restriction days. The 7.5-and10-hour conditions differed only on the final day of sleep restriction, but the HDI overlapped substantially with the ROPE so we cannot be confident that the difference was meaningful. There was no evidence supporting group differences during the recovery period. Indeed, for every pairwise comparison, at least 90% of the posterior distribution was within the ROPE. Thus, we can be 90% sure that the groups reported equivalent subjective sleepiness during the recovery period.
As the DLMO data showed different phase shifts by condition, we used the above models to further examine the effect of sleep restriction on attention and sleepiness over the course of the five daily measurement times. Figure 7 displays baseline performance at each measurement time, the change from baseline after sleep restriction and recovery, and pairwise differences in these changes from baseline. To align with the DLMO measurement, we examined performance on the final sleep-restriction day. Figure 7 shows no evidence of time-of-day effects on PVT lapses at baseline. In contrast, the change from baseline in the restricted conditions is most pronounced at the earlier measurement times. A similar pattern is evident in the pairwise comparisons. The effect of sleep dose on PVT lapses was most obvious at the earlier measurement times. The KSS data reveal a different pattern. Specifically, there was a U-shaped change in sleepiness across the baseline day for all conditions. However, changes from baseline and, consequently, the pairwise differences in this measure were consistent regardless of the time of day for all conditions in both sleep restriction and recovery phases.
To estimate the amount of sleep participants required to maintain sustained attention performance, we extended the approach used by Van Dongen et al. [11] ., who used two steps. First, they used empirical Bayes estimation to estimate for each participant the critical wake duration (i.e. the maximum length of daily wakefulness that would not lead to deficits in sustained attention); second, these critical values were then used in a nonlinear mixed-effects model to predict PVT lapses from excess wakefulness. We estimated the same parameters in a similar fashion but did so using a single hierarchical Bayesian model. The details are provided in the Supplementary Material. The results of this analysis are displayed in Figure 8 . The top left panel shows the predicted mean PVT lapses by excess wakefulness (calculated, as described previously, based on the crit sleep need estimated for each participant) plotted separately for each participant and the observed data points. As the plot indicates, almost all participants showed evidence of a cumulative effect of excess wakefulness across the sleep-restriction phase, although the magnitude of this effect varied substantially across individuals. [11] . estimated adult sleep need at 8.16 hours (±SE = 0.73). We can be 87% confident that the value for our participants is greater than 8.16 hours and 65% confident that the average for our adolescents exceeds the adult estimate by more than 1 standard error. Consistent with Van Dongen et al. [11] , we also observed clear evidence of a nonlinear relationship. Specifically, they estimated θ as 0.7, while the median of our posterior distribution for θ was 0.59 with HDI [0. 48, 0.72] . Thus, both samples demonstrated a diminishing effect of cumulative excess wakefulness on attentional lapses across nights of sleep restriction.
Discussion
The current study experimentally manipulated sleep duration in a sample of adolescents to (1) estimate the nightly sleep need of human adolescents for optimal daytime performance, (2) determine the time course and severity of sleep-related deficits when sleep is reduced below this optimal quantity, and (3) determine whether sleep restriction achieved by delaying bedtimes perturbs the circadian system as well as the sleep homeostat. Objective sleep duration was significantly different across all three conditions. Shorter sleep opportunities substantially reduced total sleep in a dose-dependent manner, thus confirming our experimental manipulation of sleep duration.
While sleep-restriction studies do not typically measure circadian phase timing, our results indicate that this omission may be a significant oversight. Dose-dependent delays to circadian phase timing were observed in the two sleep-restriction conditions but not in the control condition. For every 2.5-hour reduction in sleep opportunity through later bedtimes, DLMO delayed by approximately 1.6 hours across four nights. Phase delays following sleep restriction have been found in a small number of adult studies [20, 21] , suggesting that, while the sleep homeostatic system is being targeted in sleep-restriction protocols, impact on the circadian system cannot be ruled out unless The left panels present baseline values, the middle panel change in PVT lapses and KSS from baseline, and the right panel pairwise differences between conditions in change from baseline. In the plots that present change or differences, the region of practical equivalence is displayed as a dashed gray line and Δ indicates change. circadian timing has been measured. Future sleep-restriction protocols, both inside and outside the laboratory environment, would profit from measuring circadian timing.
Results of this study show that sleep restriction detrimentally impacts sustained attention, consistent with findings from both adolescents and adults [11, 12, 18, 52] . This study extends previous findings in adolescents by including a more moderate "dose" of sleep restriction (7.5 hours), which is closer to the typical school night sleep duration experienced by adolescents in Europe, United States, and Australia [53] . In addition, our results indicate that sleep restriction leads to time-of-day-dependent effects on the ability to sustain attention, with deficits in the ability to sustain attention most pronounced during the 08:30 am test bout, 1 hour after waking, than at other times of the day for participants in the most severe sleep-restriction condition. This pattern of response may be due at least in part to the large circadian phase delay affecting the circadian nadir, which is also the performance nadir, moving into the early wake period. As such, sleep-restricted participants were likely to be completing the 08:30 am test bout nearer their circadian nadir, resulting in worse performance at this test bout than during those subsequent.
The ability to sustain attention is central to simple and complex cognitive tasks required for successful learning. Sustained attention, as a prerequisite for upstream cognitive processing, is argued to be responsible for many sleep-related performance deficits in memory and executive functioning tasks [35] . Lapsing of attention is believed to occur when microsleeps intrude into the waking state [54, 55] . Across five nights of sleep restriction, lapses of attention increased from approximately 1 every 10 minutes at baseline to 3 every 10 minutes in the moderate sleeprestriction group and 4.5 lapses every 10 minutes in the severe sleep-restriction group. Taken together, these findings suggest that this type of sleep restriction is likely to impact adolescents sustained attention performance in ways that are important to several normative developmental domains, including ability to pay attention and learn in the classroom and the ability for novice drivers to safely control a vehicle.
When interpreting these findings, it is important to consider that the adolescents in the present study were highly screened, healthy, and good sleepers, who had one week of long sleep opportunities before sleep restriction. As "banking" nights of longer sleep durations have shown to reduce subsequent sleep loss-related neurobehavioral deficits and lead to faster recovery from sleep loss [56] , the results of the present study may understate the severity of effects typically experienced by adolescents who habitually restrict their sleep. For example, adolescents who incur a "sleep debt" across successive school nights, which then accumulates across successive school weeks, may show heightened performance impairments and fail to recover over weekends [18, 56] .
Adolescents in the 5-hour TIB condition reported greater sleepiness than those in the 7.5-hour or 10-hour TIB condition; however, differences were less apparent between the 7.5-and 10-hour conditions, with the 7.5-hour group reporting more sleepiness on the final day of sleep restriction compared to the 10-hour group. Unlike sustained attention, which showed cumulative increases over days of sleep restriction, sleepiness tended to initially increase with restricted sleep, and then plateau. Additionally, time-of-day differences in subjective sleepiness did not change in response to sleep loss but followed a similar pattern over days. Such dissociations between objective performance and subjective introspection across sleep restriction have been reported [11, 38] . The applied ramifications of this dissociation are that adolescents carrying a more moderate sleep debt may be incapable of accurate introspection of their objective level of sleep-related impairment. This issue is particularly concerning, as such introspective judgements may be used to make safety-critical decisions about fitness to drive or to operate machinery in the workplace, as well as decisions regarding readiness to learn at school. Furthermore, subjective introspection does not provide an accurate indication of sleep needed for optimal cognitive performance, though it is often the only indicator available.
Converging evidence regarding sleep need was provided from baseline sleep opportunities, extended sleep opportunities, and modeling of performance data. At baseline, typical sleep durations were approximately 9.06 hours (SD = 0.21 hours). When considering only participants in the control condition, who had nine successive sleep opportunities of 10 hours per night, typical sleep duration was approximately 8.88 hours (SD = 0.31 hours). This suggests that, while infrequently obtained, adolescents can and do obtain sleep that meets current recommendations when provided the opportunity and is consistent with sleep durations reported in previous adolescent research when younger adolescents are provided with 10-hour sleep opportunities [10, 57] . The observation that these sleep durations are maintained over the duration of the study indicates that this is not due to a recovery sleep effect. Biomathematical modeling of sustained attention data indicated that approximately 9.35 hours [7.30 hours, 12.62 hours] of sleep were required to avoid sleep-related deficits to sustained attention and that we can be 87% confident that the sleep need estimate for our participants is greater than the 8.16-hour estimate for adults [11] .
Study strengths and limitations
The present study extends previous work by using a laboratorybased experiment to manipulate sleep duration in an adolescent sample and determine the effect of sleep loss on sustained attention, subjective sleepiness, and circadian phase timing. Studies that examine neurobehavioral performance across multiple time points per day typically pool these results to examine effects per day. This study examined time-of-day effects to identified times of heightened risk following sleep loss and used performance data to model optimal sleep need for sustained attention performance.
The Bayesian statistical approach is a strength of the current research for several reasons [58, 59] . First, Bayesian estimation fulfils the aims of the New Statistics better than a frequentists approach [60] . Second, as noted by Van Dongen et al. [11] , complex designs such as these are not well modeled by traditional approaches that simply aggregate over important sources of variance (most notably the participants themselves but also over time). Instead a mixed-effects approach is needed. This allows us to specifically model not only the different average performance of a group but also the performance of individual participants. Furthermore, it allows the impact of different factors (e.g. sleepdose condition, day of study, and time of day) to vary between participants. Such models not only give better estimates of the group level parameters but also allow the explicit modeling of interindividual variability in important statistics-a very important benefit in sleep research where understanding the consistency of needs and effects across a population is important. Importantly, Bayesian techniques more naturally and flexibly allow hierarchical, or mixed-effects, modeling [61, 62] . Third, our research questions require us to make conclusions regarding the similarity (e.g. in performance at baseline and recovery) as well as differences (e.g. in performance during sleep restriction). Only a Bayesian approach offers a sound basis for conclusions analogous to accepting the null [59, 63] . Finally, and most importantly, Bayesian statistics provide scientists with the information that they actually need. Specifically, we want to know: given the observed data, what are the most credible values of key parameters and how certain can we be in those estimates? This is exactly the information provided by a Bayesian (and not by a traditional null hypothesis significance testing) approach [59] .
This study does have limitations which need to be considered when interpreting these findings. First, a relatively homogenous sample of adolescents were included in each sleep-dose condition. Future research would profit from including more diverse samples, including younger adolescents, and a repeatedmeasures crossover design to provide more precise estimates of sleep, sleep-related deficits, and sleep need [5] . In particular, our sample was more likely to be born in Australia and have parents who are more likely to have a bachelor's degree or above when compared to population norms [64] . Second, optimal sleep need was only estimated for sustained attention performance and may not generalize to other salient outcomes. While sustained attention is a crucial and fundamental ability that underscores a range of broader outcomes [35] , modeling different outcome measures may indicate differing sleep durations required to support optimal functioning in domains such as mood and emotion regulation. Third, while marked changes to circadian timing were observed following sleep restriction with delaying bedtimes in the present study, these findings cannot be generalized beyond the conditions of this study, which differ in several salient ways from the conditions of normative adolescent sleep restriction. For example, the light level was low throughout the duration of the study, and prestudy sleep and weekend recovery sleep was achieved by shifting bedtimes earlier and holding wake times constant. Normative recovery sleep involves similar-if not later-bedtimes to those obtained on school nights and large delays in wake time, which have been shown to result in phase delay over a weekend [65, 66] . However, changes to phase timing over recovery sleep were not measured in the present study. As circadian effects are likely to vary substantially depending on light intensity, timing of light exposure, and timing of sleep, it is important for future research to examine whether such delays and associated performance deficits would occur in normal light levels, when sleep restriction follows delayed weekend sleep or when sleep is shortened by shifting both bedtimes and wake times.
Concluding remarks
The habits entrenched during the critical developmental period of adolescence will impact health and well-being trajectories across the lifespan [67] [68] [69] [70] . Insufficient sleep is a known, modifiable risk factor for a range of deleterious outcomes [34, 71, 72] , but, both normative sleep data and adolescent perceptions about the adequacy of their own sleep indicate that most adolescents are chronically sleep deprived [53, 73] . The present study highlights the detrimental effects of restricting sleep and provides several additional lines of evidence to support sleep recommendations for this age group.
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